-3 -constructs in vitro. We reported a high pressure hydrostatic perfusion culture system that is useful for constructing 3-D engineered cartilage using bovine chondrocytes 7-9 and human dermal fibroblasts 10 with collagen gel/sponge scaffolds.
In this study, we formed 3-D cartilage using human adipose-derived stem cells Some reports suggest that ASCs, unlike with bone marrow derived mesenchymal stem cells (MSCs), are not suitable for cartilage regeneration 16, 17 . These papers addressed the differential expression profile of chondrogenic specific genes and extracellular matrix in MSCs or ASCs in chondrogenic differentiation. Melhorn et al. 16 reported that collagen type II and X were secreted more strongly by MSCs than by ASCs in chondrogenic induction using TGFβ1, and Afizah et al. 17 reported that collagen type II and proteoglycans were synthesized only in MSCs in chondrogenic induction using TGFβ3.
In order to test the hypothesis that this perceived limitation of ASCs may be related to the potential necessity of external microenvironmental factors such as hydrostatic pressure, this present study was undertaken.
Materials and Methods
-4 -conical tube. Then, the digested cell suspension was diluted with an equal volume of growth medium: DMEM/Hams' F-12 (Invitrogen) with 10% fetal bovine serum (FBS) and 1% antibiotics-antimicotics (Invitrogen). After centrifugation for 5 min at 390 x g, the cell pellet was resuspended with the growth medium and viable cells were counted with Trypan blue. Five hundred thousand cells were seeded to a 100 mm tissue culture dish and incubated in the growth medium at 37˚C and 5% CO 2 . This primary culture was defined as passage 0 (P0). The cells were expanded in the growth media until 80-90% confluence (approximately 5-7 days in culture), then underwent three passages (P3).
Characterization of The Adipose-Derived Stem Cells
Expression of cell surface protein was evaluated in P3 cells using a FACS Caliber Diego, CA) for 60 min at 4˚C. After incubation, the cells were washed three times with PBS supplemented with 1% FBS. Then, the cells were resuspended in 0.3 ml of cold PBS with 1% FBS for the evaluation.
Construction of Collagen Scaffolds
Porous collagen sponges were made as previously reported 10 . In brief, a solution
3D Cell Culture using A Bioprocessor
The P3 cells were harvested and 4.5 x 10 7 cells were re-suspended with 2.5 ml of the cold neutralized type I collagen solution. A 50-µl of the cell suspension (1 x 10 6 cells) was placed on a sterile Teflon dish (Fisher), absorbed with the collagen sponge (total 45 sponges), and incubated at 37˚C for gelation (Fig.1) . After a day of incubation in the growth medium at 37˚C and 5% CO2 in air, 5 sponges were harvested for samples of Day 0. 40 sponges were divided into two groups; Group HP, incubation during the first one week with treatment of cyclic HP at 0-0.5 MPa (3750 mm Hg, 4.93 atm), 0.5 Hz, with a medium replenishment rate of 0.1 ml/min, at 37˚C, 3% O2, and 5%
CO2 in air using a bioprocessor TEP-P02 (Takagi Industrial, Shizuoka, Japan) followed by no HP for 3 weeks and Group AP, incubation without HP at 37˚C, 3% O2, and 5%
CO2 for 4 weeks. In both groups, the cells were incubated in a differentiation medium defined as DMEM/Ham's F-12 with 2% FBS and 1% antibiotics-antimycotics, transforming growth factor-beta (TGF) (10 ng/ml; R&D Systems, Minneapolis, MN), dexamethasone (1x10-7 mol), ascorbic acid 2-phosphate (50 ug/ml), sodium pyrvate1 mM, and l-proline (40 ug/ml).
Histological and Immunohistochemical Analysis
Constructs were embedded in glycomethacrylate: JB-4 (Polysciences, Warrington, PA) and paraffin and cut into 10-µm sections and stained with 0.2% toluidine blue-O (Fisher) at pH 4.0. Immunohistological staining was performed using a Vectastatin ABC kit and a 3,38-diaminobenzidine (DAB) kit (Vector Laboratory, Burlingame, CA). 5 µm paraffin sections were dewaxed with xylene and then rehydrated in a graded series of alcohol to PBS. After rinsing with PBS, the sections were blocked with 3% normal horse serum at room temperature for 20 min in a humidified chamber. For collagen type -6 -with DAB (Vector Laboratory). Nuclei were counter-stained with hematoxylin.
Semi-quantitative Histological Evaluation
Toluidine blue stained sections were used for evaluating cellularity in the sponge (Fig.2) . Total number of nuclei on a surface and a deep zone of the sponge were counted.
Three fields in each zone of 40x images were randomly chosen.
Real Time Reverse Transcriptase -Polymerase Chain Reaction (Real Time

RT-PCR)
Freshly collected samples (three sponges in each group at each time point) were washed with PBS and total RNA was extracted using the RNeasy mini kit (Qiagen, Chatsworth, CA) following the manufacturer's instractions. Briefly, samples were finely homogenized with handheld homogenizer and QIA shredder with buffer RLT including beta-mercaptoethanol. After adding 70% ethanol and mixed well, samples were centrifuged using RNeasy spin column. Then, Buffer RW1 and RPE were sequentially added into the column and centrifuged. Total RNA was extracted with RNase free water.
Total RNA was quantified using the NanoDrop (NanoDrop Technologies, Wilmington, DE) method.
Complementary deoxyribonucleic acid (cDNA) was synthesized using a Real time RT-PCR was performed in an ABI Prism7300 system (Applied Biosystems, Foster City, CA) using The RT² SYBR Green / ROX qPCR master mix (SA Biosciences, Frederick, MD) with primers designed for this study ( Table 1) . 
Statistical Analysis
All quantitative data reported here was analyzed using one-way analysis of variance (ANOVA), with p < 0.05 being considered significantly different. Replicates were done for each experimental group.
Results
Characterization of Stem Cells
By flow cytometric analysis of cultured cells, the percentage of positive cells a)
for stromal associated markers CD13, 44 and 90 were 98.8 ± 0.6, 95.9 ± 1.4, 96.4 ± 2.3, respectively; b) for the macrophage and neutrophilic granulocyte marker CD14 was 0.5 ± 0.2; c) for the endothelial-associated marker CD31 was 2.6 ± 0.8; d) for the stem cell-associated marker CD34 was 4.4 ± 0.6; and e) for the pan-hematopoietic marker CD45 was 0.2 ± 0.1. These results were consistent with a previous report of human ASCs cultured with identical growth media 18 . Although primary ASCs are a heterogeneous cell population 18 , this heterogeneity decreased after three passages in culture.
Histological and Immunohistochemical Evaluation
Cells were distributed throughout the sponges. An accumulation of pericellular and extracellular metachromatic matrix stained with Toluidine blue was seen in both groups and increased over 4 weeks (Fig.3) . Accumulation of the matrix in This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
the HP group was much denser than AP groups, particularly after 2 weeks.
Immunohistochemical evaluation revealed that the production of type II collagen and keratin sulfate in both groups increased with time, with HP groups showing greater production than AP groups at each time point. Cell number in AP groups achieved a peak at two weeks of incubation and decreased thereafter on both the middle and surface zone of sponges (Fig.4) . In contrast, cell number in the HP groups increased gradually in the middle zone, and peaked at one week after incubation, maintaining their number for the entire course on surface zone.
Gene expression evaluation
Gene expression of chondrogenic specific genes collagen type II (COL 2A1), collagen type X (COL 10A1), aggrecan (ACAN) and Sox 9 (Sox 9) were identified by real time RT-PCR ( Fig.5 ) in both groups. However, there existed significant differences between HP and AP groups after 2 weeks of culture for aggrecan and Sox 9 expression, after 3 weeks of culture for type X collagen, and at the 2 and 4 weeks time points point for type II collagen.
Discussion
Adipose-Derived Stem Cells
Adipose tissue represents an alternative source of adult stem cells that also may be harvested from bone-marrow 19 , skin 20 and skeletal muscles 21 . Subcutaneous adipose depots are accessible, abundant, and replenishable 18 . Moreover, adipose-tissue is routinely discarded after cosmetic surgical procedures such as liposuction, providing a fertile opportunity for adipose-tissue banking 22 . ASCs previously have been well characterized by many groups 18, 23, 24 . In these studies it has been suggested that over 90% of cultured ASCs express CD13, 44, 73 and 90, but do not express hematopoietic markers CD 14 and 45, and our data are consistent with these results. Differences exist, however, among previous studies with regard to CD34 expression by ASCs 18, 23, 24 , and it has been suggested that CD34 detection may be influenced by culture methods and antibodies used for detection. In the present study, CD34 expression was less than 5% at the time point of passage 3 of culture, a finding compatible with the previous results of Mitchell et al 18 where an identical culture medium was utilized. 
Effect of Hydrostatic Pressure on Chondro-induced Stem Cells
For tissue engineering applications, modified cell culture systems (e.g., a
follow-fiber 29 , a spinner flask 30, 31 , a rotating vessel 32, 33 , a direct displacement 34, 35 , and a perfusion culture 36-40 ) have been developed for optimization of culture conditions. Such devices are effective for mass transfer between culture medium and the cell constructs 10 .
We recently developed a perfusion culture system that promoted osteogenesis 41 , hematopoiesis 42 , and epithelial formation 43 . However, perfusion at a defined flow rate was not consistently beneficial for chondrogenesis by articular chondrocytes in 3-D collagen sponge constructs 7 . Thus, we developed a hydrostatic pressure/perfusion culture system that applied HP directly to the medium fluid phase 44 . We confirmed that this bioprocesssor is useful for constructing 3-D engineered cartilage using bovine chondrocytes 7-9 and human dermal fibroblasts 10 with collagen gel/sponge scaffolds.
Comparing chondrogenic gene expression profile by chondro-induced ASCs affected by either AP or HP, type II and X collagen, aggrecan and Sox 9 were expressed in both groups. This is considered to relate to the chondrogenic media, including TGFβ1, that was employed for both groups (HP alone did not have chondrogenic differentiation effects on ASCs: data not shown). However, this expression profile was significantly enhanced by HP loading compared with the AP control group. Sox9 gene expression is crucial for the induction of the cartilage phenotype during skeletal development, and the application of HP to cultured bovine articular chondrocytes using a fluorescent indicator, a custom-made pressure-proof optical chamber, and laser confocal microscopy 9 . The peak [Ca 2 +]i in cells showed a significant increase after the application of HP at constant 0.5 MPa for 5 min, and it was considered that HP stimulates calcium mobilization through stretch-activated ion channels 9 . We hope to do future studies to examine the potential influence of mechanosensitive ion channels on chondrodifferentiation of ASCs.
Future Prospects of Cartilage Regeneration using Adipose-Derived Stem Cells
In this study, we elucidated that HP followed by static culture promoted production of cartilage-specific ECM by chondroinduced ASCs. For reconstructing cartilage, the desired quality of chondroinduced ASCs should be optimized with mechanophysiological factors including HP, oxygen concentration, scaffold materials, and medium components including cytokine and morphogen e.g., BMP-6 28 , serum 48 .
Our study addresses possible options to augment shorted fibrous cartilage. Lineage and histological integration of the chondroinduced ASCs with adjacent cartilage should be studied in vivo. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
With respect to the waveform of cyclic HP, we chose a sinusoidal profile between 0 and 0.5 MPa, 0.5 Hz used in the experiments of cultivating bovine chondrocytes [7] [8] [9] and human dermal fibroblasts 10 . We should explore other profiles and algorithms of the HP in vitro to optimize quality of the cell construct including integration of post implantation.
The cell location within the scaffold influences diffusion of nutrients and waste products from the perfusion media associated with more cells proliferating near the periphery than deeper in the scaffold. The newly proliferated cells and matrix impact the material/structure of the scaffold, nutrient availability and waste dissipation in the partitioned cell construct. HP/medium perfusion may also be useful for improved mass transfer of necessary medium supply and waste exclusion.
In summary, our results indicate that HP loading using a HP/medium perfusion culture system clearly enhances accumulation of extracellular matrix and expression of chondrogenic specific genes by ASCs in vitro, potentially obviating previously perceived disadvantages 16, 17 in cartilage regeneration using ASCs. Combining the latest technologies provides hope that ASCs might be useful for cartilage engineering.
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Figure legends
Cell number in AP groups achieved a peak at two weeks of incubation and decreased after peaking on both middle and surface zone of sponges. On the other hand, that of HP groups increased gradually on middle zone, and peaked at a week after incubation and kept their number in the entire course on surface zone. Chondrogenic specific gene expression of type II and X collagen, aggrecan and sox9
were observed on both groups. However, there was significant differences between HP and AP groups after 2 weeks of culture on aggrecan and sox 9, after 3 weeks of culture on type X collagen, and at 2 and 4 weeks of time point on type II collagen. This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. was absorbed with each collagen sponge scaffold and incubated at 37˚C for gelation.
Fig.2 Wave-form of cyclic hydrostatic pressure produced by bioprocessor
Cell constructs were incubated on the first week with treatment of cyclic hydrostatic pressure (HP) at 0-0.5 MPa (3750 mmHg, 4.93 atm), 0.5 Hz, with a medium flow rate of 0.1 ml/min, at 37oC, 3% O2, and 5% CO2 using an automated pressure/perfusion bioprocessor TEP-P02 (Takagi Industrial, Shizuoka, Japan). This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
MZ: Middle zone SZ: Surface zone
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